INTRODUCTION
Fusarium head blight (FHB) is a re-emerging disease of wheat and other small grain cereals that is of worldwide interest (Champeil et al., 2004; McMullen et al., 1997) . Up to 19 species have been associated with the disease (Parry et al., 1995) but so far, the most prevalent pathogens are Fusarium graminearum (Fg) Schwabe [teleomorph: Gibberella zeae (Schweinitz) Petch] and Fusarium culmorum (Fc) (W. G. Smith) Saccardo (Walter et al., 2010) .
Infection of wheat heads by F. graminearum and other Fusarium species, followed by fungal colonization of the ear and cutting off the supply of nutrients to upper spikelets, impairs both the grain yield and the quality by adversely affecting the grain size, weight, germination rate, protein content, baking quality of the flour and other technological parameters (Parry et al., 1995) . Irrespective of those impairments, the most serious consequence of FHB is the contamination of grain and cereal products with Fusarium mycotoxins (Pieters et al., 2002; Peraica et al., 1999) . The trichothecenes, particularly deoxynivalenol (DON) and its acetylated derivatives, 3-and 15-acetyl-DON, are the most frequently encountered mycotoxins in FHB of wheat throughout Europe (Bottalico & Perrone, 2002) .
Crop debris, alternative hosts and infected seeds were reported as possible sources of inoculum for FHB. The main source of inoculum comes from infected plant debris in the soil on which fungi overwinter as saprotrophic mycelia or as thick-walled resting chlamydospores, depending on the species (Parry et al., 1995) .
The early detection and control of trichothecene-producing Fusarium spp. is crucial to prevent toxins entering the food chain (Wagacha & Muthomi, 2007) . Different strategies are used to reduce the impact of FHB, including Abbreviations: DON, deoxynivalenol; FHB, Fusarium head blight; ITS, internal transcribed spacer.
healthy seeds, crop rotation, tillage practices, fungicide application and planting resistant cultivars, but none of these strategies by itself is able to reduce the impact of this disease. Since biological control offers an additional strategy and can be used as part of an integrated management of FHB, the main purpose of this work was to select potential fungal antagonists that are able to compete with FHB causal agents, particularly F. graminearum and F. culmorum, to prevent the presence of DON on wheat.
METHODS
Isolates. Ten Trichoderma spp. isolates, selected for their ability to grow in the presence of DON (Matarese, 2010) , were used to select antagonists against FHB causal agents. Trichoderma velutinum 4837, from forest soil in Nepal, was kindly provided by Vienna University of Technology; Trichoderma spp. 6085 and 6317 were isolated in the Crimea (Ukraine) from uncultivated soil and decaying plant material from an ant-hill, respectively; Trichoderma spp. 7634, 7636 and 7646 were isolated from natural peat collected in Kaliningrad (Russia); Trichoderma spp. 8218 and 8244 were isolated from forest litter in Kiev region, Chistogalovka, Chernobyl Nuclear Power Plant (ChNPP) limit zone (Ukraine); Trichoderma sp. 8243 was isolated from Ternopol Region (Ukraine); and finally, Trichoderma sp. 8245 was isolated from soil in Kharkov region (Ukraine). All isolates from the Ukraine were kindly provided by Zabolotny Institute of Microbiology and Virology, National Academy of Sciences of Ukraine, Kiev. All Trichoderma isolates were deposited at the fungal collection of the Department of Tree Science, Entomology and Plant Pathology 'G. Scaramuzzi'. F. culmorum 627 and F. graminearum 124 mycotoxigenic strains were kindly provided by ISPA, CNR, Bari (Italy). Both isolates were able to produce DON.
Unless otherwise stated, all fungi were maintained on potato dextrose agar (PDA; BD Difco) under mineral oil at 4 uC and actively grown on PDA or oatmeal agar (OA; BD Difco) for Trichoderma and Fusarium, respectively, in a thermostatic cell at 24 uC, 12 h light/12 h darkness.
Identification of Trichoderma spp. isolates. Molecular identification of Trichoderma isolates was based on the DNA sequencing of two unlinked loci, the ribosomal internal transcribed spacer (ITS) region and/or the tef1 gene. Fungal DNA was extracted using the DNeasy plant mini kit (Qiagen) according to the manufacturer's protocol. Amplification of nuclear rDNA, containing the ITS1 and -2 and the 5.8S rRNA gene was done using primers ITS1 and ITS4 (White et al., 1990) , according to Doveri et al. (2010) .
A portion of the translation elongation factor (EF-1a) gene, containing the large intron, was amplified by PCR using the primers EF1-728F and EF1-986R (Carbone & Kohn, 1999) . Amplifications were conducted with an initial denaturation of 5 min at 94 uC followed by 35 cycles of 1 min denaturation at 94 uC, 1 min primer annealing at 55 uC, 1 min extension at 72 uC and a final extension of 7 min at 72 uC.
The PCR products were purified using the QIAquick PCR purification kit (Qiagen) and sequenced in both directions. The sequences were submitted to the Trichoderma molecular barcode system TrichOKEY (www.isth.info) for identification Kopchinskiy et al., 2005) . In some cases, BLAST analyses were also performed at the National Center for Biotechnology Information (NCBI), available online. Sequences were deposited in GenBank with the following accession numbers: JN790246 (isolate 8244), JN790247 (isolate 7634), JN790248 (isolate 7636), JN790249 (isolate 7646), JN790250 (isolate 8218), JN790251 (isolate 8243), JN790252 (isolate 6085) and JN790253 (isolate 6317).
Antagonistic activity. Trichoderma isolates were evaluated in vitro for their antagonistic activity against F. culmorum 627 and F. graminearum 124 mycotoxigenic strains.
PDA discs of 6 mm diameter, cut from the edge of an actively growing colony of each antagonist and pathogen, were placed at opposite sides (4.5 cm from each other) on PDA plates or on a sterile cellophane membrane (10 mm diameter, food grade) laid on water agar (WA) medium (20 g bacteriological agar l 21 , BD Difco) . Each antagonist/pathogen combination was set up in triplicate. Plates were incubated at 24±2 uC, 12 h/12 h darkness/light. The radius of each pathogen's colony, both facing (Ra) the colony of antagonist and in a perpendicular (control) direction (Rc) (Fig. 1) were measured three times a day, until contact. Values were used to create growth curves. Linear growth data were subjected to an analysis of variance of regression to compare the slope and the elevation of curves in the presence/absence of the antagonist, assuming P,0.01 as a significant level. Preliminary tests excluded the production of volatile antibiotic compounds (data not shown).
The same plates were used to look for signs of mycoparasitism, as overgrowth and sporulation of the antagonists on pathogens' colonies, or coilings and short loops around the pathogens' hyphae, on PDA or WA, respectively.
Mycotoxin extraction and analysis. The extraction procedure of DON from rice and wheat was done by MycoSep 225 Trich Push Columns (Romer Laboratories Diagnostic) according to the manufacturer's instructions, avoiding the grinding of starting material. The sample extract residue was dissolved in 400 ml methanol/water (30 : 70). DON was quantified by HPLC, according to Omurtag & Beyoglu (2007) , with minor modifications. Separation was performed at room temperature with a C 18 reverse a-phase column (120 Å , 5 mm particle size, 4.66150 mm, Acclaim) with an isocratic mobile phase of methanol/water (30 : 70) at a flow rate of 0.7 ml min 21 . Eluates were detected using a UV detector set at 220 nm. To quantify DON, known amounts of pure standard (Sigma) were injected into the HPLC system and an equation, correlating peak area to mycotoxin concentration, was formulated.
Inhibition of DON production by selected Trichoderma isolates. DON production by F. graminearum 124 and F. culmorum 627 was preliminarily evaluated on both wheat and rice, in order to assess the most critical condition in which to further investigate the effect of Trichoderma spp. on mycotoxin production. Wheat or rice kernels (50 g) were added to 22.5 ml distilled water and autoclaved at 121 uC for 30 min in a 500 ml Erlenmeyer flask. Each flask was inoculated with three OA plugs (6 mm diameter) cut from the edge of actively growing cultures. The incubation was carried out at 24±2 uC (12 h light/12 h darkness) for 28 days.
From the HLPC analysis, the combination F. graminearum 124/rice was chosen to further evaluate the inhibition of DON production by T. gamsii 6085, T. gamsii 6317 and T. velutinum 4837. Twenty-five grams of rice dipped in 12 ml distilled water in glass Petri dishes (10 cm diameter) was autoclaved at 121 uC for 30 min. Discs of 6 mm diameter, cut from the edge of actively growing colonies on PDA (Trichoderma) or OA (Fusarium), were placed at opposite sides of each plate. Plates inoculated with F. graminearum 124 alone were used as control. Three replicates for each combination were performed. DON production [mg (kg fresh weight) 21 ] was assessed by HPLC, as described previously, after a 7 and a 14 day incubation period at 24±2 uC (12 h light/12 h darkness).
Chitinase gene expression by Trichoderma spp. Expression of chitinase genes by T. gamsii 6085 and 6317 was measured by RT-PCR. Pathogen/antagonist combinations were grown on OA at 24±2 uC, 12 h light/12 h darkness, and harvested when both colonies were approx. 5 mm apart (before contact, BC), at contact (contact, C) and after Trichoderma overgrew (5 mm) (after contact, AC) F. graminearum or F. culmorum colonies. Trichoderma strains inoculated against themselves, or alone, were used as controls and harvested at the same time points. All combinations were made in triplicate. To avoid the use of cellophane for these assays, peripheral hyphal zones were harvested from each confrontation stage by directly cutting out agar pieces, shock frozen in liquid nitrogen and stored at 280 uC. Total RNA was isolated from agar, adapting a CTAB protocol available at http://gmo-crl.jrc.ec.europa.eu/summaries/TC1507-DNAextrc.pdf. Briefly, agar pieces from three plates were ground in liquid N 2 and transferred to a small centrifuge tube (15 ml BD Falcon) kept on ice and containing 2.4 ml extraction buffer (2 % CTAB, 1.4 M NaCl, 20 mM EDTA pH 8, 100 mM Tris/HCl pH 8, 2 % PVP 40 000) with 1 % b-mercaptoethanol. Tubes were mixed by vortexing. Chloroform : isoamylalcohol 49 : 1 (1.6 ml) was added; the sample was vortexed again then kept for 15 min on ice. The samples were then vortexed and centrifuged for 10 min at 13 200 r.p.m. The upper layer (~700 ml) was transferred to new tubes, adding 1 vol 2-propanol and 300 ml DEPC water (usually three or four tubes for each sample), and incubated at 220 uC for at least 2 h. Samples were centrifuged for 30 min at 13 200 r.p.m. Pellets were washed in 70 % ethanol, air-dried, resuspended in DEPC water and pooled. The final RNA volume for each sample was 100 ml. RNA samples were stored at 280 uC until use. All RNA samples were treated with DNase I (Fermentas) and purified using the RNeasy MinElute cleanup kit (Qiagen). RNA quality and concentration were analysed by gel electrophoresis and measured by using the Nanodrop ND-1000 (NanoDrop Technologies). For cDNA production, 5 mg RNA per reaction was reverse transcribed using the RevertAid H 2 first strand cDNA synthesis kit (Fermentas) and oligo(dT) 18 primer according to the instructions provided by the manufacturer. The RT-PCR amplification programne consisted of 1 min initial denaturation (94 uC), 25 cycles of amplification [1 min at 94 uC, 1 min at the primer-specific annealing temperature (T m ), 1 min at 72 uC] and a final extension period of 7 min at 72 uC. Chitinase gene-specific primers and their T m s were as follows: subgroup A chitinase gene, ech42 according to Seidl et al. (2006) , T m 60 uC; subgroup B chitinase gene, chit33 (fw 59-GCTCCTCAGTGCTTC-TTCC-39 and rv 59-GGGAATGCCGACAAGAAGC-39); subgroup C chitinase genes, T m 60 uC (Matarese, 2010) ; tac1, tac4 and tac8, T m 57 uC, (Gruber et al., 2011) ; N-acetylglucosaminidases, nag1, T m 54 uC and nag2 T m 60 uC (Seidl et al., 2006) . The tef1 gene, encoding translation elongation factor 1-a, and the housekeeping gene gpdh (glyceraldehyde-3-phosphate dehydrogenase) were used as controls. All the primers employed in this experiment were designed on T. atroviride sequences due to the lack of information about the T. gamsii genome.
Biocontrol activity of T. gamsii 6085 on natural substrates. A further competition test on two different natural substrates, wheat haulms and rice kernels, was performed to estimate the effect of T. gamsii 6085 on the pathogen's growth and DON accumulation. Rice kernels (20 g) dipped into 8 ml distilled water (to avoid the presence of free water) or wheat haulms (2 g; 4 cm-long pieces each with a central intact node) dipped into 0.8 ml distilled water were put in 100 ml Erlenmeyer flasks and autoclaved at 121 uC for 30 min. Conidial suspensions were made from 2-week-old PDA (Trichoderma) or OA (Fusarium) fungal cultures. Spores were inoculated at a final concentration of 10 4 conidia per g starting material. Inoculation of pathogens and the antagonist (T. gamsii 6085 vs F. graminearum 124, and vs F. culmorum 627) was done concurrently by mixing spore suspensions. T. gamsii, F. graminearum and F. culmorum alone were used as biotic controls, while uninoculated haulms and rice were used as abiotic controls. Flasks were inoculated at 24±2 uC at 12 h light/ 12 h darkness and harvested after 7, 14 and 21 days. Half of the material collected at each sampling (dried in a forced-draught oven at 50 uC for 48 h and stored at 4 uC until use) was used for DON quantification and half was used for DNA extraction (stored at 280 uC until use). Extraction and quantification of DON were done as described above whilst fungal biomass was estimated by qPCR. The experiment was repeated twice.
qPCR. Material stored at 280 uC was finely ground in liquid N 2 and 600 mg rice or 200 mg haulms was used for DNA extraction using a CTAB protocol as described at http://gmo-crl.jrc.ec.europa.eu/ summaries/TC1507-DNAextrc.pdf. DNA was spectrophotometrically quantified by measuring OD at 260 nm.
The iCycler IQ System (Bio-Rad) was used for amplification and melting curve analysis. The following were used as primers: FGtub forward (59-GGTCTCGACAGCAATGGTGTT-39) and FGtub reverse (59-GCTTGTGTTTTTCGTGGCAGT-39) (Reischer et al., 2004) for F. graminearum, FculC561 forward (59-CACCGTCATTGGTATGTTG-TCACT-39) and FculC614 reverse (59-CGGGAGCGTCTGATAGTC-G-39) (Nicolaisen et al., 2009) for F. culmorum, and tef1 (Gruber et al., 2011) for Trichoderma. SYBR Green was used as dye for the qPCR analysis.
An external standard calibration was generated by analysing a tenfold dilution series (100, 10, 1, 0.1, 0.01, 0.001 ng DNA ml 21 ) of DNA from each pure fungal culture. Quantified standard DNA of Fusarium and Trichoderma was mixed with DNA extracted from uninoculated rice and wheat haulms to simulate matrix effects. For each isolate, two standard curves were set up (one for rice and one for wheat haulms). Three replicates of the standard were used in each assay. The C t value and PCR efficiency were determined by using the CFX Manager software (Bio-Rad). The C t values were plotted against exponentially transformed DNA of each tenfold dilution series of fungal DNA, and linear regression equations were calculated.
Real-time PCR was carried out in a 12 ml final volume consisting of 6 ml IQ SYBR Green Supermix (Bio-Rad), 0.34 ml each primer (10 mM), 2 ml template DNA and water. PCRs were performed in triplicate on all samples. PCR was performed on an MJ Opticon thermocycler (Bio-Rad) using the following cycling protocol: initial denaturation step at 95 uC for 3 min, followed by 40 cycles at 95 uC for 20 s and 60 uC for 45 s followed by dissociation curve analysis from 65 to 95 uC.
RESULTS

Antagonistic activity
On the basis of their ITS and/or tef1 sequences, three Trichoderma isolates, 7634, 7636 and 7646, were identified as T. viride, two isolates, 8218 and 8244, as T. citrinoviride, and one, 8243, as T. harzianum. Two Trichoderma isolates, 6085 and 6317 were assigned to T. gamsii. The Trichoderma isolate 8245 could not be identified by TrichOKEY or TrichOBLAST. TrichOKEY system found four genusspecific hallmarks in the ITS region, thus this isolate was assigned to XII Rufa Clade. DNA sequences of this strain were not deposited in GenBank. Because the molecular identification of T. velutinum 4837 was very recent, it was not repeated in this work.
Antagonistic tests were performed to assess the ability of the ten Trichoderma isolates to inhibit the growth of F. graminearum 124 and F. culmorum 627 mycotoxigenic strains. Growth rates of both pathogens in the presence and absence of each antagonist were evaluated, all resulting in highly significant values (R 2 ¢0.86) when submitted to regression analysis.
Among all the Trichoderma/pathogen combinations, three of the ten antagonistic strains (T. gamsii 6085, T. gamsii 6317 and T. velutinum 4837) significantly reduced F. graminearum or F. culmorum growth in at least one of the two substrates, as shown in Table 1 .
Furthermore, we investigated whether the ten Trichoderma spp. isolates would coil around the hyphae of both the pathogens, which is considered to be a sign of mycoparasitism. From microscopic investigation, the three Trichoderma isolates mentioned above produced coils around the hyphae of both F. graminearum and F. culmorum when on WA, while no mycoparasitic signs were observed in the other antagonist/pathogen combinations.
As these are additional signs of mycoparasitism, overgrowth and sporulation on the pathogens' colonies were assessed on PDA. From the analysis of the confrontation plates after 14 days, we could distinguish Trichoderma/ Fusarium combinations into two groups. In the first group, Trichoderma was able to overgrow the Fusarium colony, while in the other, Fusarium showed the ability to sporulate and to overgrow Trichoderma. T. gamsii 6085, T. gamsii 6317 and T. velutinum 4837 belonged to the first group, confirming their mycoparasitic ability.
Inhibition of DON production by selected Trichoderma isolates
The ability of F. graminearum 124 and F. culmorum 627 to produce DON was preliminarily evaluated on both wheat and rice kernels, to select the best substrate for mycotoxin production. Quantification of DON by HPLC after 28 days showed that rice was the most appropriate substrate for DON production by both pathogens. In detail, F. graminearum 124 produced 147.6 mg DON kg 21 on rice and 8.72 mg DON kg 21 on wheat, whereas F. culmorum 627 produced 90.4 mg DON kg 21 and 5.34 mg DON kg 21 on rice and wheat, respectively. Because F. graminearum produced the highest amount of mycotoxin on rice we chose this pathogen/ substrate combination for further investigation.
To evaluate the ability of T. gamsii 6085, T. gamsii 6317 and T. velutinum 4837 to prevent DON production by F. graminearum 124, competition tests on rice were performed. After 7 days, there was no significant difference in the amount of DON produced in the presence/absence of antagonists (tested by ANOVA; Table 2 ). After 14 days, the positive antagonistic results previously achieved on agar plates were confirmed. Among the three isolates, T. gamsii 6085 showed the best capacity for inhibiting DON production, reducing the amount of DON to almost 92 % compared with the control. In the presence of T. gamsii 6317 and T. velutinum 4837, F. graminearum 124 produced 60 and 67 % less DON, respectively, than when alone.
Chitinase expression by Trichoderma spp.
To obtain a comprehensive insight into the mycoparasitic potential of Trichoderma, the transcription of chitinaseencoding genes (subgroup A, B and C) and genes encoding N-acetylglucosaminidases was assessed by RT-PCR from different stages of dual agar cultures of F. culmorum or F. graminearum vs T. gamsii 6085 and 6317. It is common in confrontation assays to overlay agar plates with cellophane membranes to facilitate the harvesting of the mycelia. However, we wanted to exclude the potential influence of cellophane on chitinase gene expression and therefore developed an optimized RNA extraction method from agar.
Results showed that almost all investigated genes encoding chitinases (glycoside hydrolase family 18) from subgroups A, B and C and N-acetylglucosaminidases (glycoside hydrolase family 20) responded to mycoparasitic conditions and were upregulated before contact and/or at contact with the host (Fig. 2) . When alone, all tested chitinases of T. gamsii 6317 were expressed at very low levels. In the presence of F. graminearum, all chitinases except ech42 were expressed strongly before contact and a little less at contact, whereas no expression was detected after contact.
When alone, T. gamsii 6085 expressed nag2 and chit33, whereas nag1, tac4, tac8, ech42 and tac1 were low or not expressed at all. When in the presence of itself, before and at contact with the colony, there was lower expression of all chitinases. In the presence of F. graminearum, T. gamsii 6085 strongly expressed all the chitinase genes before and at contact.
In the presence of F. culmorum, all chitinases except nag2 were expressed before, at and after contact with T. gamsii 6317. T. gamsii 6085 expressed all the chitinase genes except nag2 before and at contact with F. graminearum, whereas very low or no expression was detected after contact.
Biocontrol activity of T. gamsii 6085 on natural substrates
On the basis of the results from previous experiments, T. gamsii 6085 was chosen for further analysis.
Fungal biomass was quantified using real-time PCR with specific primers for each fungus. These primer sets were highly efficient and sensitive; for each fungus and substrate, standard curves with a linear fit between the log-transformed concentrations of fungal genomic DNA and the calculated threshold cycle values with a correlation coefficient of 0.99 and a PCR amplification efficiency from 96.4 to 100.4 % were generated.
Quantitative results from qPCR were used to evaluate the competitive ability of the antagonist against F. graminearum and F. culmorum on natural substrates (wheat haulms and rice) and HPLC analyses were performed to estimate the effect of the selected T. gamsii isolate on DON accumulation by both of the pathogens. Results obtained on rice confirmed the ability of T. gamsii 6085 to antagonize F. graminearum and F. culmorum, whose biomass in the presence of Trichoderma was lower than the control (Fig. 3) .
In detail, when alone, F. graminearum was able to grow well up to the end of the experiment (21 days), while in the presence of the antagonist the biomass was reduced by about 90 %. T. gamsii 6085 grew well in this substrate, independently from the presence/absence of the pathogen. F. culmorum was negatively affected by the presence of the antagonist, showing a strong reduction of its biomass, whereas the antagonist was not affected by the presence of the pathogen.
On wheat haulms, a substrate very poor in nutrients, T. gamsii 6085 seemed to develop very poorly and both Fusarium isolates seemed not to be affected by its presence (data not shown).
Results obtained from HPLC analysis showed that both the pathogens on rice produced a similar trend for DON production whilst DON was not detected on wheat haulms. DON production by F. graminearum and F. culmorum inoculated alone was time dependent and ranged between 151.04 and 28.82 mg kg
21
, and 22.05 and 5.32 mg kg 21 , respectively. When in the presence of T. gamsii 6085, the maximum amount of DON was reduced to less then 5 p.p.m. (F. graminearum) and to less than 2 p.p.m. (F. culmorum) ( Table 3 ).
The variability recorded in the two independent experiments allowed us to verify the relationship between DON production and biomass. Data of biomass and DON production from each replicate of the different Fusarium/ antagonist combinations on rice at different times were subjected to the analysis of variance of regression. For the F. graminearum 124/T. gamsii 6085 experiment, a three parameters exponential growth model with an R 2 of 0.99 (Fig. 4a ) was found to be the best to explain the correlation between DON and biomass (two and one parameter models had slightly lower R 2 values of 0.97 and 0.87, respectively). This model was valid for data from 14 and 21 days where DON and biomass grew simultaneously. Data collected at 7 days, when Fusarium sporulation was just beginning, did not show any correlation because the increase in biomass did not correspond to an increase in DON accumulation. All data points from mixed inoculations (DON production and biomass of F. graminearum in in confrontation assays performed on agar plates. As a control, T. gamsii was inoculated against itself. Mycelia were harvested before contact (BC), at contact (C) and after contact (AC) with the opposing colonies. The tef1 gene, encoding translation elongation factor 1-a, and gpdh, encoding glyceraldehyde-3-phosphate dehydrogenase, were used as control genes.
the presence of T .gamsii) were scattered in close proximity to the origin of axis.
The same statistical analysis on F. culmorum/antagonist combination (Fig. 4b) did not reveal a correlation between DON and biomass values because DON production by F. culmorum was very low for the first 7 days and increased too slightly at 14 and 21 days. Once again, all data points from mixed inoculations (DON production and biomass of F. culmorum in the presence of T. gamsii) were scattered in close proximity of the origin of the axis.
DISCUSSION
Different strategies, including biological control, are used to reduce the impact of FHB on wheat to prevent toxins entering the food chain. The aim of this study was to select antagonists to implement a biocontrol strategy against the FHB causal agents, F. graminearum and F. culmorum, focussing on the ability to reduce risks connected to DON contamination. Three out of ten Trichoderma isolates, T. gamsii 6085 and 6317 and T. velutinum 4837, were able to inhibit both fungal growth and DON production, with T gamsii 6085 as the most interesting. T. gamsii is morphologically close and phylogenetically related to T. viride, which includes many antagonistic isolates (Brown et al. 1999; Jaklitsch et al. 2006) . The only report of an efficient antagonistic strain of T. gamsii towards a pathogen (Rhizoctonia solani) was by Anees et al. (2010) .
It is not surprising that the same three isolates that were able to inhibit the pathogen's growth at short distance in confrontation plates were also able to produce coilings and/or short loops and to overgrow and sporulate on the pathogen's colony. The discovery that their antagonistic activity also influenced mycotoxin production on rice was very significant. We found that all three Trichoderma isolates were able to reduce the amount of DON produced by F. graminearum after 14 days from 60 to 92 % (statistically significant) and we confirmed their ability to be effective in the presence of DON. The reduction in the amount of DON was ascribed to a lower production, as previous investigations demonstrated that these three Trichoderma isolates were not able to degrade DON (Matarese, 2010) . It is important that any potential biocontrol agent for FHB must have the ability to decrease both fungal growth and DON production (Palazzini et al., 2007) , as previous studies suggest that an interaction between toxigenic Fusaria and other fungi can result in a significant accumulation of mycotoxins (Magan et al., 2003) .
A key biocontrol mechanism for most Trichoderma strains is mycoparasitism mediated by production of chitinases and other cell-wall-degrading enzymes (Chet, 1987; Lorito et al., 1996) . We assessed the transcription of some genes encoding chitinolytic enzymes that have been associated with mycoparasitism-related growth conditions at various stages of plate confrontation assays with F. culmorum and F. graminearum. Our results showed a clear upregulation of Fig. 3 . Biomass, expressed as ng DNA, of F. graminearum 124 (a), F. culmorum 627 (b) and T. gamsii 6085 (a, b) alone or in combined inoculation on rice at different times. Each point represents the mean±SD from three internal replicates for each of two independent experiments. F. graminearum 124 (a)/F. culmorum 627 (b), #; F. graminearum 124/F. culmorum 627 in the presence of T. gamsii 6085, $; T. gamsii 6085 in the presence of F. graminearum 124/F. culmorum 627, m; T. gamsii 6085, g. all tested genes during mycoparasitism, indicating the involvement of these chitinolytic enzymes in the interaction with F. graminearum and F. culmorum. We investigated three chitinase genes belonging to the relatively new C family of chitinases (Gruber et al., 2011) . These C-chitinases are interesting due to their multiple carbohydrate-binding modules that suggest an active role in mycoparasitism. Gruber et al. (2011) found that T. atroviride C-chitinase genes are readily inducible in mycoparasitism assays with Botrytis cinerea and correspondingly they were also expressed during growth on B. cinerea cell walls. Interestingly, we could also detect transcripts for C-chitinase genes in our T. gamsii isolates during interactions with F. graminearum and F. culmorum, confirming a potential role in mycoparasitism.
Results from qPCR and HPLC were used to evaluate the competitive ability of T. gamsii 6085 against F. graminearum and F. culmorum on two different natural substrates, wheat haulms and rice. Rice kernels are very rich in nutrients and both pathogen and antagonist were in the best growth conditions. Wheat haulms alone are a very poor substrate, which represents an oligotrophic stress condition. Nutrient availability plays a significant role in fungal physiology and the production of secondary metabolites as mycotoxins (Filtenborg et al. 1990; Frisvad et al. 1992; Beuchat, 1995) . Results achieved on rice confirmed the ability of T. gamsii 6085 to antagonize F. graminearum and F. culmorum, whose biomass, in the presence of Trichoderma, was lower than the control, and DON production was reduced by almost 99 %. Under these conditions, production of DON increased exponentially with biomass but only after 7 days. At that time, sporulation is still scarce but further rapidly increases with time, confirming that DON production is correlated with conidia production (Calvo et al., 2002) . Our data also indicate that the activity of T. gamsii directly reduces the biomass of the pathogen (and consequently the amount of DON) and that its presence does not stimulate the pathogen to overproduce the mycotoxin.
However, considering both tests together, we can conclude that our antagonist is successful when Fusarium both has previously partially colonized the substratum and has to compete for the food source from the beginning; this increases its potential as a biological control agent against FHB pathogens.
Conversely, T. gamsii 6085 seemed to develop very badly on wheat haulms and growth of both Fusarium species was unaffected by the presence of the antagonist. This result was quite unexpected because Trichoderma is known as a good colonizer of crop debris. However, the conditions used in this experiment, only haulms and water, were extreme and thus actually different from wheat haulms found in the soil. When alone, Fusarium growth was also affected by this oligotrophic substrate, showing a biomass 90 % lower than the corresponding control on rice. In addition, it was not possible to detect any DON production by F. graminearum or F. culmorum grown on haulms. This validates the correlation between nutrient availability and production of secondary metabolites (Elmholt, 2008; Lillehoj & Elling, 1983) .
Our results suggest that T. gamsii 6085 represents a good candidate for a biocontrol strategy of FHB. Fig. 4 . Relationship between DON production and biomass of F. graminearum 124 (a) and F. culmorum 627 (b) both alone and with T. gamsii 6085 on rice resulting from the analysis of variance of regression of data of biomass and DON from each replicate (line). F. graminearum data at 14 and 21 days ($) were analysed separately from those at 7 days (m).
